Abstract: A numerical scheme for simulation of activated sludge sediment flow in a circular secondary clarifier is developed. The flow and settling processes are simulated, using the k-3 turbulence model on a two-dimensional axisymmetric and orthogonal grid. To incorporate the sedimentation of the activated sludge in the field of gravity, a convection-dispersion equation governing the mass transfer in the clarifier is extended. The computational domain includes the sludge blanket where the viscosity is affected by the rheological behavior of the sludge. The double-exponential equation is used to describe the dependence of the settling velocity on the solids concentration. The compression and consolidation process of the activated sludge is simulated by this equation. The experimental data provided by Weiss et al. show that the rheograms follow the Bingham law at low-shear rates. The modified Bingham model was introduced to overcome the blanket height overestimation problem with the results showing that the local sludge distribution in the clarifier has an excellent agreement with the concentration profile measurements by Weiss et al. (2007) and the sludge viscosity dominates the flow and sedimentation of activated sludge within the sludge blanket.
Introduction
The secondary clarifier of an aerated sludge treatment plant is an important element in the process of removing suspended solids. The first theory about the efficiency of clarifiers was presented by Hazen (1904) for the individual particle settling in a uniform flow. Anderson (1945) found that the flow was far from uniform due to the density stratification.
Early attempts of numerical turbulence modeling of flow in clarifiers was carried out by Schamber and Larock (1981) . They adopted the finite element technique together with the k-3 turbulence. The first finite difference approach was performed by Imam et al. (1983) with the constant eddy viscosity. Celik and Rodi (1985) applied the k-3 model to simulate the same experiments performed by Imam et al. us ing a finite-volume code. They approximated the settling properties of the suspension by a constant settling velocity. Some modeling investigations were also performed focusing on the influence of buoyancy (e.g., DeVantier and Larock 1987; Adams and Rodi 1988; and Zhou and McCorquodale 1992) and flocculation (Lyn et al. 1992) on the flow and settling in the final clarifiers. The first attempt at modeling the flow in the radial section of a circular tank was performed by DeVantier and Larock (1987) . Lyn and Zhang (1989) performed the modeling of the neutrally buoyant flow case of McCorquodale's (1976) experiments. The effect of the inlet baffles' radius was studied by Zhou and McCorquodale (1992) . In addition, the angle bars near the inlet were investigated by Krebs et al. (1995) .
Recently, rheological functions investigating the flow of the activated sludge in secondary clarifiers have been used by Lakehal et al. (1999) , DeClercq (2003) , McCorquodale et al. (2004) , and Weiss et al. (2007) to account for the increased viscosity of the concentrated sludge. The present study deals with the density-affected flow in circular clarifiers that are equipped with suction-lift sludge removal systems as shown in Fig. 1 . In these clarifier systems, which usually have a flat bottom, the sludge is withdrawn through an array of vertical suction pipes from the near-bottom region. These pipes are located underneath the slowly rotating clarifier bridge and remove the sludge that is accumulated underneath the clarifier.
The region of the sludge blanket is included in the calculation domain and the bottom boundary is pervious. This approach allows the computation of the sludge blanket height and the concentration profiles within the sludge blanket. The influence of stratification on the turbulence properties is considered with sink terms in the turbulent kinetic energy equation.
Mathematical model
The flow field is calculated by solving the Reynolds-averaged Navier-Stokes equations in a cylindrical coordinate system. The k-3 model is used for the turbulence modeling. The suspended sediment concentration is determined by solving the concentration equation in which the particle settling velocity is introduced. The buoyancy effects are calculated by considering the gravity sink term in the vertical momentum equation. The damping influence of stratification on the production of turbulent kinetic energy is expressed as a sink term appearing in the transport equation of turbulent kinetic energy k.
Reynolds-averaged Navier-Stokes equations
The system of Reynolds-averaged Navier-Stokes equations for two-dimensional, axisymmetric, unsteady, densitystratified, and turbulent mean flow can be defined as
The equation of continuity is given by eq.
[1]. Equations [2] and [3], representing the r and y momentum conservation equations, respectively. The origin of the coordinate system is placed on the vertical centre line, with the y axis pointing vertically upwards from the bottom boundary. The field equations are given in terms of averaged flow variables, where u and v are the mean velocity components in the r (radial) and y (axial) directions, respectively. Also t is the time, p is the pressure, r is the density of the mixture, g is the gravitational acceleration constant, m is the viscosity of the sludge mixture, and m t is the turbulent viscosity. The governing field equations are formulated, using the density of the mixture. Moreover, varying density of the sludge mixture is taken into consideration in all equations terms.
Standard k-3 turbulence model
The ratio of length to height in the simulated clarifier is high, therefore the free surface condition leads to a low pressure gradient. Also, our numerical experience shows that the turbulent viscosity in the activated sludge zone is very low compared to that of the clear water zone and the limitation of homogenous flow is negligible. Therefore, the k-3 model is applicable. In this model, the turbulent viscosity, m t , is determined by the turbulent kinetic energy, k, and the rate of dissipation of the turbulence kinetic energy, 3, as
where C m = 0.09 is a constant. The semi-empirical model, transport equations for k and 3 may be given as
where P is the generation of turbulence kinetic energy due to mean velocity gradients, which is due to shear, and G corresponds to the generation of turbulence kinetic energy due to buoyancy. 
Conservation of mass in turbulent flows
The sludge transport equation for the turbulent flow can be written as
is the settling velocity function, and s r and s y are the turbulent Schmidt numbers that are assumed to be 0.7 in r and y directions. Also f is the plastic diffusion coefficient that is used for model comparison and only takes the values of 0 or 1. In eq.
[9], the source term of @ðV s CÞ=@y, dominates the compression and consolidation of the activated sludge.
As noted by DeClercq (2003) , using rheology function with yield stress, leads to a large amount of viscosity in some regions, so that high diffusivity in the concentration equation is calculated and blanket height overestimation is predicted. Therefore, Lakehal et al. (1999) and Weiss et al. (2007) removed the molecular viscosity from the diffusion coefficient of concentration equation. This method cannot be accepted in general cases. Molecular viscosity in non-Newtonian fluids takes a high value and, in some cases, is more than that of the turbulent viscosity, so it cannot be neglected in the concentration equation. There is no considerable difference between Newtonian and non-Newtonian fluid results when molecular viscosity is removed from the concentration equations.
In the present simulation, as shown in eq.
[9], an alternative definition of the concentration diffusion that includes molecular viscosity is used. Also, the modified non-Newtonian model is used for decreasing the molecular viscosity in some regions.
Mixture density
The equation of state links the mixture density, r, with the concentration, C, of the suspended sludge:
where r w is the density of the clear water, and r is the local density of the mixture. According to Dahl (1993) and Nopens (2005) , the density of the dry particles, r s , is assumed to be 1600 kg/m 3 .
Settling velocity
For batch settling with a range of particles of nonuniform size, Takács et al. (1991) identified three regimes, namely solids in the suspension that will not settle due to their loose aggregate structure, and may have a concentration of a few mg/L, highly settleable fractions with concentrations in the range of 100-500 mg/L, and slowly settleable solids with concentrations higher than 500 mg/L. Categorizing suspended solids concentration in this way leads to a double exponential formulae:
where V 0 (m/s) is a reference settling velocity, r h and r p (m 3 /kg) are the domination of the first and the second term in the equation for the falling and the rising part, respectively. According to Weiss et al. (2007) , the value for r p is generally one order of magnitude larger than that of r h . The constant C min , is the concentration of non-settleable solids in the effluent of the clarifier. This equation is calibrated by Weiss et al. (2007) to account for the settling velocity in two clarifier loads presented in Table 1 .
Boundary conditions

Inlet
At the clarifier inlet, the inlet concentration, C in , is applied which is equal to the concentration at the outlet of the aeration basin. Corresponding values of the inlet velocity, v in , are used. The turbulence kinetic energy at the inlet, k in , is calculated using k in = 1.5 Â (I u v in ) 2 where I u = 0.224 is the turbulence intensity. The dissipation rate at the inlet, 3 in , is obtained from eq.
[12] as follows:
where k = 0.4 is the von Karman constant. The turbulence length scale is calculated as L u = 0.5R b , where R b is the radius of the baffle surrounded in the inlet region of the clarifier.
Free surface
The vertical movement of the free surface of the clarifier is assumed to be negligible. This assumption simplifies the computation and reduces the computational efforts. The vertical (axial) velocity component is set to zero at the surface, v = 0, and the horizontal (radial) velocity component, u, is computed, assuming full slip and the surface is assumed to be a stress-free entity.
Outlet
At the effluent outlet boundary, the values of the variables are calculated, using zero normal gradients.
Wall
The no-slip condition must govern at all solid boundaries, that is u = 0 and v = 0 are to be assumed at all clarifier walls. The boundary condition on the concentration is that the gradients perpendicular to all solid walls are set to zero and all solid walls are made impenetrable. Settling velocity is set to zero at horizontal walls. Logarithmic wall functions are applied to model the turbulent flow in the near-wall region of the clarifier.
Sludge outlet
The sludge is removed from the bottom of the clarifier from pipes positioned from r = 3.7 m to 14.7 m. The flow is suctioned from the bottom with a uniform mass flow rate. For ensuring a uniform outlet flow, the flow rate is divided into all computational cells and the corresponding suction velocity is also calculated. The radial velocity is assumed to be zero at this boundary. The zero normal gradient of the concentration is also assumed at this boundary.
Rheology of activated sludge
The definition of the shear stress is used to calculate the viscosity of the activated sludge as follows:
where m p is the plastic viscosity that should be replaced with molecular viscosity in all equations, t is the shear stress, and _ g is the shear rate. According to Vradis and Protopapas (1993) , the shear rate may be defined as
Bingham model
Activated sludge does not behave like Newtonian fluids. One of the non-Newtonian models that satisfies the behavior of the activated sludge is the Bingham model. In this case, the applied stress needs to overcome some yield stress before the shear rate is induced in the fluid. The shear stress, t, can then be expressed as
where t B is the Bingham yield stress and m B is the Bingham viscosity. Behn (1960) classified sewage sludge as a Bingham fluid. Sozanski et al. (1997) applied the Bingham model for thickened sludge. Both Bingham and pseudo plastic models have been applied by Battistoni (1997) and Lotito et al. (1997) . In present work, the experimental data of Weiss et al. (2006) was used for the non-Newtonian fluid model fitting. The shear stress, t B , and shear rate, _ g of the Weiss et al. experiments are shown in Fig. 2 . The measurements were done in March with a temperature of 15 8C and in July with a temperature of 20 8C. The shear rates data are in the range of 3-200 s -1 , but only the data with shear rates lower than 50 s -1 are presented.
Curve fitting
Overall, numerical simulations show that the shear rate for all cases was less than 7.2 s -1 in the steady state condition. Moreover, the shear rate data reported by Weiss et al. (2006) are greater than 3.04 s -1 in all cases. Therefore, data extrapolation at zero shear rates had to be performed for yield stress calculations. The shear rate in the numerical simulation is relatively low so curve fitting with low shear rate data leads to better results. We found better results using the linear fit to the first three data points. As shown in Fig. 2 , the Bingham yield stress can be calculated at zero shear rates. The Bingham viscosity is calculated from the slope of stress-strain curve and tabulated in Table 2 .
Bingham yield stress
The data of Table 2 are plotted in Fig. 3 to calculate the Bingham yield stress. The experimental data show that good agreement can be achieved by linear data fitting. The Bingham yield stresses that are less than zero are assumed to be zero, but the Bingham viscosity may still be changed with the concentration. Corresponding equations can be defined as follows: for T = 15 8C 
Bingham viscosity
With a similar procedure, the Bingham viscosity equation can be defined by data curve fitting. The data of the Bingham viscosity in Table 2 are presented in Fig. 4 . The Bingham viscosity is assumed to be equal to that of the clear water viscosity for a zero concentration. As shown in Fig. 4 , the best data fitting may be achieved by using a linear fit for T = 15 8C and quadratic fit for T = 20 8C. Corresponding equations can be defined as follows: for T = 15 8C 
Modified Bingham model
The plastic viscosity using the Bingham fluid model can be defined as
where t B and m B are defined in eqs. Papanastasiou (1987) proposed a modification in the rheological relation by introducing a shear rate growth factor, m, which controls the growth of stress as the strain rate increases. The modified Bingham fluid model used in the present simulation is based on Papanastasiou's modification but the power growth factor is also added to the model:
where m and n are shear rate and power growth factors, respectively. In addition, DeClercq (2003) also used a similar modification on the Herschel-Bulkly model to simulate the activated sludge in a clarifier with a similar exponential term without the power growth factor. Using the modified Bingham model, the high viscosity at low shear rates is modified. The high value of power growth factor leads to more modifications at very low shear rates. In the present simulation, better results were obtained using n = 2. The minimum range of shear rate growth factor, m, can be found by using the minimum experimental data of the shear rate. On the other hand, the model curve fitting should also be applicable by using the modified Bingham model.
The shear rate growth factor, m, of the modified Bingham model should be determined by experimental data at low shear rates, which unfortunately are not available. Fortunately, this factor determines the blanket height of the activated sludge. Using a trial and error procedure, the value of the shear rate growth factor can be determined. This factor is calculated based on one point of the concentration profile data. The shear rate growth factors are calculated as m = 1.0 and m = 1.8 for the temperatures of 15 8C and 20 8C, respectively. The evaluated shear rate growth factors are very low compared to the value of 169.47 used by DeClerq (2003) with the modified Herschel-Bulkly model. In the present simulation, the plastic viscosity is included in the concentration diffusion equation. The high settled concentration at the bottom of this type of clarifier, which is at least, three times greater than that of Declerq (2003), leads to an overestimation in the prediction of the sludge blanket height, therefore, more modification is needed and thus decreasing the shear rate growth factors is required.
Standard and modified Bingham fluid models are shown in Figs. 5 and 6 for T = 15 8C and T = 20 8C, respectively. These figures show that the introduced Bingham model fitted well with the experimental data. The difference between standard and modified Bingham models is relatively high. But due to the lack of experimental data in the low shear rates, the modified Bingham model fitted with the experimental data at high shear rates.
Numerical solution and results
A finite volume staggered SIMPLEC (semi implicit method for pressure linked equations corrected) code is provided using Intel Visual Fortran. Time step of Dt = 0.1 s is used. The convergence is checked by monitoring the history of concentration and velocity contours. Convergence was attained after about 30 000 s. Simulations are based on two clarifier loads presented in Table 3 . The experiments were carried out by Weiss et al. (2007) in March and July at temperatures of 15 8C and 20 8C, respectively. Clarifier load is low and high as defined in Table 3 .
Three grid dimensions used for the mesh sensitivity analysis were: 200 Â 100, 350 Â 150, and 500 Â 200. The grid independency is checked and illustrated in Fig. 7 . This figure shows the concentration profile at r = 4.1 m, and high clarifier load for various grid sizes. The results show that there is no benefit in using a grid dimension more than 350 Â 150, so the grid dimension of 350 Â 150 is appropriate. This grid independency was also checked at other radii; results not shown.
Concentration and velocity profiles at various distances from the centre line are presented in Figs. 8-11 . The concentration and velocity profiles at various locations for three radial locations (r = 4.1 m, r = 7.1 m, and r = 11 m) in March and four radial locations (r = 3.0 m, r = 7.0 m, r = 10.5 m, and r = 13.5 m) in July are shown in these figures. Numerical simulations are done using the following four models: (4) Newtonian model. Figure 8 shows the concentration profile in low load scenario. The second Bingham model estimates all clarifier zones as activated sludge, and consequently causes high concentration diffusion and overestimation of the predicted sludge blanket height. Simulation in this case does not converge even after 100 000 s. The third Bingham model neglects the plastic viscosity in concentration diffusion term (f = 0), and therefore does not have any agreement with the experimental data. This shows that the plastic viscosity in the concentration diffusion term is not negligible. In fact, a close agreement can be observed between this model and the Newtonian model. The present simulation, which is based on the modified Bingham model, is well correlated with the experimental data of Weiss et al. (2007) . The high load scenario of concentration profiles is shown in Fig. 9 which has a similar trend to that of Fig. 8 .
The concentration profiles show that the sludge blanket height has a value of 30-45 cm in March and 65-75 cm in July, depending on the radial distance from the centre of the clarifier. The sludge blanket is more elevated at shorter distances from the clarifier centre in both sets of clarifier loads. The sludge concentration at the clarifier bottom in all cases is in the range of 11-13 g/L. But in March, i.e., at low load clarifier, the maximum bottom concentration is located in a very thin layer at the bottom.
The radial velocity profiles for two load scenarios are presented in Fig. 10 and Fig. 11 . The maximum velocity is at the upper side of the blanket height. Also, two backward velocity zones are found above and below maximum velocity. These negative velocities correspond to the zones of flow reversal and recirculation in the clear water region and in the near-bottom region. The Bingham model using f = 0 and also the Newtonian models have similar predictions. But due to lower blanket height prediction, the maximum velocity shifts downward. The Bingham model using f = 1 predicts the maximum velocity at the free surface that can be only acceptable when the clarifier is filled by the sludge.
The flow streamline, the concentration counters, the plastic viscosity, and the shear rate of the modified Bingham model are presented in Fig. 12 for the March scenario. The streamlines show that the flow field is complex with several recirculation zones. One main recirculation zone is right above the sludge blanket. Another main recirculation zone can be found in the sludge blanket. The maximum concentration is 13.2 g/L. The shear rate changes between 2.6 Â 10 -6 and 5.7 s -1 . The highest shear rates are encountered in two regions: (1) In the inlet region, where the incoming stream of the activated sludge is bound by the walls and baffles in that region. (2) Around the upper bottom of the sludge blanket, close to the clarifier inlet. The shear rate in the activated sludge region is high due to the recirculation in the activated sludge that is bound by the wall and another recirculation above it. The minimum level of the shear rate, 2.6 Â 10 -6 s -1 is too low. This occurs in the clear water zone due to a relatively still flow. Small shear rates lead to high plastic viscosity. Fortunately, the low shear rates occur in the clear water zone where the concentration is small. Figure 12d shows how the viscosity of the activated sludge is defined. The plastic viscosity is inversely proportional to the shear rate. So, at low shear rate, the value of the plastic viscosity is high. A very similar zone can be found in the activated sludge zone in Figs. 12b and 12c. In the clear water zone above the activated sludge, low shear rates also tend to increase the viscosity. The plastic viscosity is directly proportional to the concentration, so this correlation corrects the plastic viscosity in the clear water zone. The plastic viscosity changes between 0.001 and 0.105 PaÁs in this case. The overestimation of the Bingham model (with f = 1) is due to the lack of proper modification of the plastic viscosity by considering the concentration. The concentration does not decrease the viscosity at the upper zone sufficiently, and consequently an overestimated activated sludge is observed.
Similar physical explanation could be given for the high load scenario. Here, the sludge blanket height is more than that of the March loading condition. The maximum concentration is 12.6 g/L. Two main recirculation zones are found in the activated sludge zone and above it. The shear rate changes between 2.2 Â 10 -5 and 7.2 s -1 and the plastic viscosity changes between 0.001 and 0.164 PaÁs. The engineering application of the present work is the design and optimization of the secondary settling tanks for a specified activated sludge. First the required rheograms should by extracted by using the experimental data. Then the settling velocity function parameters should be extracted by experiments. This would allow the maximum height of activated sludge and the clarifier height to be calculated for specified clarifiers.
Conclusion
Numerical simulation of a secondary clarifier with a suction lift removal system has been performed. The suction lift removal system is simulated by withdrawing the activated sludge at the bottom of the clarifier. The modified Bingham fluid model is presented using curve data fitting to experimental data of Weiss et al. (2007) . First, the Bingham model is presented using data fitting and then this model is converted to the modified Bingham model. The conversion is necessary due to the extra high viscosity simulated by the Bingham model at low shear rates. In the present simulation, the plastic viscosity in the concentration diffusion equation is not neglected. High plastic viscosity calculated by the Bingham model causes high concentration diffusion and overestimation of the blanket height. To overcome this problem, an exponential term is added to the yield stress. Therefore, the plastic viscosity is decreased at low shear rates. The results show that using this formulation is in excellent agreement with the experimental data provided by Weiss et al. Based on the literature (Blackery and Mitsoulis 1997; Beaulne and Mitsoulis 1997; DeClerq 2003 ) the value of the shear rate growth factor should be greater than 100. It should be greater than 100 to ensure that the modified model behaves as standard but with a better convergence in the numerical simulation. The goal of using the modified model in the present simulation is to introduce a new model that overcomes the problem of overestimation when the correct form of the concentration equation is used. Accordingly, the values of m which are lower than 100 are also acceptable.
The results of the Bingham model with concentration diffusion factor, f = 0 and 1 and the results of the Newtonian fluid model are also presented. The comparison of results shows that the Bingham model using f = 0, has no agreement with the experimental data and the results are close to the Newtonian model. This shows that the plastic viscosity in the concentration equation is not negligible. The Bingham model using f = 1 causes overestimation of the blanket height.
Velocity profiles show that the maximum velocity is at the upper sides of the activated sludge zones. The maximum velocity in the Bingham model using f = 1 and in the nonNewtonian model shifted downward. The velocity profiles of the Bingham model using f = 0 can be valid when the clarifier is filled with activated sludge.
Finally, the concentration counters, the flow streamlines, the shear rate, and the plastic viscosity presented in Fig. 12 show how concentration and shear rate affect the plastic viscosity. 
